Over the past 80 years, the Rhine-Meuse delta has been mapped extensively by drilling boreholes. These maps are compared with a new detailed digital elevation map of the Netherlands (AHN) that became available in 2004 and is based on very accurate, (sub-decimeter) laser-altimetry data. Examples show, that existing maps can be significantly improved. However, field checks remain a necessity. Therefore, the AHN-data need to be confronted with existing borehole descriptions using a GIS. Geomorphological analysis and geological interpretation of surface elevation patterns now enable us to map larger areas, in greater detail, with greater accuracy, and much faster. It is argued that detailed (si : 50,000) geological mapping of the Netherlands should be resumed, combining the databases of Utrecht University, the National Geological Survey and Alterra.
Introduction
Over the past 80 years, the Rhine-Meuse delta has been extensively mapped, mainly by collecting borehole data. Surprisingly, aerial photographs and remote sensing so far never played an important role in geomorphological mapping in the Rhine-Meuse delta. The reason is that in this area, elevation differences and geomorphological features are too small to clearly show up on aerial photographs. In addition, the area has been so intensively influenced by human activities that natural landscape elements can hardly be recognized. In 2004 however, a detailed digital elevation map (AHN = Actueel Hoogtebestand van Nederland) became available for the entire Netherlands (revised version: Rijkswaterstaat-AGI 2005). The AHN is based on very accurate, sub-decimeter laser-altimetry data (LIDAR-DEMS) with an average resolution of one measurement per 8 m 2 . These data allow to map the geomorphology of large areas in greater detail, fast, and with great accuracy.
It is the aim of this paper to show that the AHN can contribute to produce more accurate geomorphological and geological maps of the Rhine-Meuse delta.
Some examples show how the AHN can be used to enhance geomorphological and geological mapping. The geomorphological map of the Netherlands (scale 1 : 50,000) has recently been completed by Alterra (the successor of the Dutch Soil Survey) using the modern technology (Koomen & Maas, 2005) . Using the AHN, and confronting it with borehole data of the National Geological Survey, Alterra, and Utrecht University can be expected to lead to significant improvements of existing maps of the Rhine-Meuse delta. did not recognize the excellent work of the geographer Vink (1926) , and as a result the map showed only isolated 'islands' of sand. Later, much regional information was obtained from detailed geogenetic mapping (e.g., Edelman et al., 1950; Egberts 1950; Pons, 1957 Pons, , 1966 by the famous 'Wageningen' school of soil scientists, and maps became more sophisticated. This work was carried forward by Stiboka (1965) . After that, the soil science turned away from 'genetic' maps and became presumably more valuable for farming, but contributed less to the understanding of geomorphology and geology. Unfortunately, most of this work was only published in Dutch.
In the period 1960 -1980 new geological maps, scale 1:50,000 were published, based on a revolutionary 'profile-type legend' developed by Hageman (1963) . This allowed to describe and map the entire Holocene sequence and not just the deposits at the surface. Although the spatial resolution and the reliability of the maps (Verbraeck, 1970; Verbraeck, 1984; Bosch & Kok, 1994) were low due to a low coring density (6 corings per km 2 ), they provided a good insight into the vertical succession of layers within the Holocene sequence. Unfortunately, the maps were based on some misconceptions leading to confusion about lithostratigraphy and chronostratigraphy, which makes them obsolete by modern standards (Berendsen, 1982 (Berendsen, , 1984 (Berendsen, , 2004 De Mulder et al., 2003) . The slow progress, in combination with reorganizations and budget cuts of the Geological Survey, changing political notions and associated management decisions unfortunately resulted in termination of the entire mapping project. Almost simultaneously, the geomorphological map of the Netherlands, scale 1 : 50,000 (a common project of the Geological Survey and the Soil Survey) was suspended.
A new concept of geomorphological mapping was introduced by Berendsen (1982) , in which lithological successions play an important role in defining geomorphological (or geological) map units. This was partly based on work carried out in the Mississippi delta by Fisk (1947) . Since 1973, the Rhine-Meuse delta has been studied in detail by the Utrecht University group of fluvial geomorphologists and sedimentologists (e.g., Berendsen, 1982; Berendsen et al., 1986; Tbrnqvist, 1993 Weerts & Berendsen, 1995 Weerts, 1996; Makaske, 1998 Berendsen & Stouthamer, 2000 Berendsen & Stouthamer, 2001 Stouthamer, 2001 Berendsen et al., 2002; Cohen, 2003) . An important source of information for this work was fieldwork carried out by students of physical geography at Utrecht University under the supervision of the first author. A total of over 200,000 lithological borehole descriptions, 1550 14 C dates and 36,000 dated archaeological artifacts (collected by the National Service for Archaeological Heritage) have become available. A map at a scale of 1: 100,000 was published showing the ages of the Holocene channel belts (Berendsen & Stouthamer, 2001 ). The study of Berendsen & Stouthamer (2001) presented the first palaeogeographic overview of the entire Holocene delta. In some regions much more detailed information is available, as the 1 : 100,000 map is partly based on original field maps to the scale 1 : 10,000. In other areas, older channel belts that occur at greater depth below the surface (and hence are virtually invisible in the terrain), were taken from the geological map. However, these channel belts were often mapped erroneously. Some of them can now be mapped accurately, because the AHN shows spatial patterns that are not detectable in the field.
In years to come, an effort will be made by Utrecht University to enhance the accuracy of the (digitally available) map of Berendsen & Stouthamer (2001) , so that it can be used at a larger scale. This process will be significantly accelerated by the application of the AHN.
The 'Actueel Hoogtebestand van Nederland' (AHN)
The second version of the 'Actueel Hoogtebestand van Nederland (AHN)', that is used in this paper, is referred to as Rijkswaterstaat-AGI (2005) . The production of the AHN is commissioned by the Directorate General for Public Works and Water Management (Rijkswaterstaat), who also distributes (parts of) the map. The AHN is a detailed digital elevation map of the entire Netherlands based on laser-altimetry measurements from airplanes. It will be updated every two years.
The , which is generally good enough to show the main channel belts, but too low to show details like bar-and-swale topography or the presence of residual channels and crevasse deposits. Since 1985 these maps have not been updated anymore.
The vertical resolution of the AHN is 1 cm, although the absolute vertical accuracy per point (relative to NAP = Dutch Ordnance Datum) is much less: the standard deviation is on the order of 15 cm for the first generation AHN (in the second generation this has been improved to 8 cm). The standard deviation is mainly due to stochastic laser measurement errors. In addition, systematic errors on the order of ±5 cm exist due to inaccuracies in the flight path (location, altitude, flight angle), and vegetation effects that need to be removed to obtain 'true' elevations. In general, the accuracy increases with the number of measured points, as does the cost.
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Using the AHN
For geological and geomorphological mapping, relative elevation differences are often more important than absolute elevation. This means, that even cm-scale elevation differences give meaningful information provided they show a spatial pattern. Such small elevation differences are generally not visible in the field, yet they can be a clue to the mapping of older Holocene channel belts that have been covered with peat or clay. In the past, such channel belts were often found in boreholes by chance, and their spatial pattern had to be reconstructed from other boreholes that were placed haphazardly in the surrounding area. This practice often led to erroneous mapping the boundaries of channel belts. The location of the channel belt was drawn in the interval between two boreholes, while the actual location often was somewhere else. Figure 2 shows examples of channel belts that were erroneously connected, and even mapped channel belts that seem not to exist at all.
Accurate mapping always depended on the experience of the field geologist, but there is a limit to what elevation differences humans can see. Because the AHN now enables us to visualize even the slightest elevation differences, this is a great new tool that can help to speed up accurate geomorphological and geological mapping. Some preliminary tests have shown, that in the Alblasserwaard, where peat is abundant, channel belts at a depth of 7 m below the surface can often still be detected on the AHN. This is the result of significant differential compaction in this area, and may differ in other areas. Of course boreholes are still necessary, but the AHN enables us to determine the locations of channel belts much more effectively.
It is also important to realize that, for geomorphologists, the most recent version of the AHN is not always the most useful one. Increasing obliteration by human interference diminishes the quality of newer images for geomorphological mapping, older images are more likely to show the 'natural' geomorphological features. However, the combination of older and newer AHN images may provide important information about relatively fast processes like peat compaction or compaction due to the extraction of natural gas.
The application of the AHN for geomorphological mapping is not entirely new: in the Netherlands the AHN has been used to complete the Geomorphological Map of the Netherlands (Koomen & Maas 2005) . However, for this map only a limited amount of fieldwork has been carried out. Although the Geomorphological Map of the Netherlands shows many 'new' landforms that remained undetected before the AHN became available, detailed information on their nature is often lacking, due to a lack of field observations.
In archaeological studies, the AHN becomes increasingly important, and has already contributed to the discovery of spectacular new archaeological sites. 
according to an interpretation (white tines) of the digital elevation map (AHN). Presumed eolian dunes are indicated in purple.

In general, channel belts are narrower and more sinuous than indicated on the geological map. Recent channel belts were mapped more accurately than older channel belts that are covered with clay and peat. Although the interpretation of the AHN-image needs to be field-checked, it clearly shows its potential as a mapping tool.
In geological mapping, the potential of the AHN still has to be explored. Detailed geological maps are important for numerous applications, like groundwater (pollution) studies, foundation of infrastructure, compaction, archaeology, gravel, sand and clay mining, etc. The most recent geological map, scale 1 : 50,000, that was unfortunately suspended in the 1990's, is often not accurate enough for practical applications. Using the AHN in combination with borehole databases of Alterra, Utrecht University and the National Geological Survey to improve the quality of the map may solve that problem. Based on the AHN, a new geological map at a scale of 1 : 10,000 of the entire delta can in principle now be made with a reasonable amount of effort and within a reasonable time frame.
Method
The AHN 5 x 5 m grid-data were imported in ArcMap (ESRI), and an appropriate vertical elevation scale was chosen. This involves omitting tall artificial structures like buildings etc., in order to stretch the maximum number of colours over the minimum elevation difference. The original data has not been changed, but the interval between minimum and maximum values represented by the colour scale has been tightened. When using this method of representation in ArcMap, the program automatically uses a linear interpolation between the minimum and maximum values. This is a trial and error procedure, only based on visual interpretations of the processed image. Thereby we assume that the final elevation range represents the optimal contrast needed for geomorphological analyses. Standard colour schemes from ArcMap were used to represent elevation. The location of boreholes and/or digital maps were added to the GIS. This allowed us to interpret elevation differences in combination with lithology. Subsequently, an evaluation could be made of structures that are and that are not visible in the AHN-image. The examples given below show, that the AHN is a great new mapping tool, that allows to make better maps, in more detail, much faster. Figure 3 shows the AHN of part of the Kromme Rijn area, southeast of Utrecht. The Kromme Rijn river is recognisable as a meandering depression depicted in green. The black lines and codes are taken from Berendsen's (1982) geomorphological map. The green colors in the AHN-image nearly perfectly match with the floodbasins, while yellow and red colors coincide with alluvial ridges. Residual channels are seen as elongated depressions in green or yellow. In general, there is a good correspondence between the map and the AHN. The AHNimage even suggests that some additional residual channels can be distinguished (Fig. 3b) , and some can be extended further downstream or upstream. These suggested additions Berendsen's (1982) (indicated in blue in Fig. 3b ) will have to be checked in the field. On the right hand side of the image a green triangular form marks an area where clay was dug away from the natural levee of the Kromme Rijn. In Fig. 3b this area is enclosed by a red line. Figure 4 shows a comparison of the AHN and the map of Berendsen & Stouthamer (2001) of the area southwest of Montfoort, which is among the most densely drilled areas in the world. In general, there is an excellent correspondence between the map and the AHN-image. Channel belts, residual channels, crevasse splays and many other features shown on the map can also be recognized in the AHN-image. However, it is also clear that an entire meandering channel belt (in the center of the image) with a bifurcation or an avulsion location was missed (indicated with white lines in Fig. 4b ). The reason for this is, that in the early years of mapping (when most drillings were carried out in this area), borings were performed to a depth of 2 m below the surface. Although the coring density was high, the channel belt was missed because its top mostly occurs slightly deeper than 2 m. Later, drillings were deeper (deep borings are indicated by white dots in Fig. 4a ), but the coring density was much less, and the spatial pattern of the channel belt could not be established. The east-west cross sections (indicated by blue lines) in the western part of the image were drilled, because a N-S running channel belt was indicated on the geological map by Verbraeck (1970) . The cross sections showed that this channel belt does not exist. It was inferred from a few randomly placed borings by the Geological Survey in the two E-W running channel belts that were missed.
Example 1 -Almost perfect correlation of | the AHN and the map of Berendsen (1982)
Example 2 -Additional channel belts visible | on the AHN
The AHN shows spatial patterns that are virtually invisible in the field. The AHN thus makes it easier to find the best coring locations, and often shows details, that are not, or no longer, visible in the field. Hence it saves time, while at the same time helps to produce more accurate maps.
Example 3 -Comparison of the AHN with | the map of Verbraeck (1970)
In Figure 5 , an AHN image of the Zijderveld channel belt is shown near the village of Zijderveld. The location of the channel belt on Verbraeck's (1970) map is shown with black lines. The AHN shows clearly, that the Zijderveld channel belt was erroneously mapped by Verbraeck (1970) . The interpretation was based on connecting boreholes containing sand, rather than surface morphology. One of these boreholes was located on a Late Glacial eolian dune instead of on the alluvial ridge. The dune is visible in the middle of the non-existing southward sweeping bend (encircled in purple in Fig. 5b) .
The corrected map (Fig. 5b) shows the channel belt margins in white lines. Not only the channel belt can be seen in the AHN, but also the residual channel (indicated in blue), which 
Example 4 -Applying the AHN in unknown | areas
In areas with little or no field evidence, care should be taken not to overestimate the value of the AHN. Since the AHN is a remote sensing image, ground verification remains an absolute necessity. In Figure 6 part of the Vecht area is shown, just south of Amsterdam.
At first sight, the AHN suggests that there is a wide channel belt (boundaries shown in yellow in Fig. 6b ), and possibly a much smaller one with a residual channel, in the northern and eastern part of the image (boundaries shown in white, hypothetical residual channels in blue). This, in itself, seemed strange, because it was known that the area is characterized by very narrow channel belts, encased in peat. Without field information, it proved impossible to interpret the features that are visible on the AHN-image.
Our field studies in 2004 showed, that what seems to be a wide channel belt is actually a former lake, filled up with clastic sediments. The smaller higher areas in the north and east are crevasse channels, being active just before the lake was completely filled in.
Conclusions
Examples show, that the detailed digital elevation map of the Netherlands (AHN) can be used to enhance geomorphological and geological maps, especially in the Rhine-Meuse delta. Use of the AHN can save a large amount of time, and results in more accurate and more detailed maps. Nevertheless, the AHN should always be used in combination with borehole information and/or other field evidence, to avoid misinterpretations. The AHN proves especially useful for accurately mapping relatively small-scale, and/or irregularly shaped large-scale features that are difficult to map in the terrain, like narrow channel belts, crevasse splays, residual channels or (Late Glacial) eolian dunes.
Because new maps can now be made much faster, geological mapping of the Netherlands at a detailed scale (ss 1 : 50,000) should be resumed, and existing spatial databases of the subsurface of various institutes in the Netherlands should be combined and confronted with the new AHN data.
The large amounts of money presently being invested in the infrastructure of the densely populated Rhine-Meuse delta, and the vulnerability of this low lying area, demand a proper management of the subsurface and its resources, which crucially depends on accurate spatial geological data. Given the new developments outlined in this paper, the prospects of realizing a detailed geological map of the shallow subsurface in an efficient and cost-effective way are better than ever before. Therefore, this goal presently deserves a national strategy and funding, and high priority. Verbraeck's (1970) 
